Introduction
Though the proper distribution of lipids among organelles is critical for numerous cellular functions, exactly how lipids are sorted and moved among intracellular membranes remains poorly understood. Some lipid sorting likely occurs during vesicular traffi cking (Sprong et al., 2001; Holthuis and Levine, 2005) . For example, sphingomyelin and cholesterol are partially excluded from COPI-coated vesicles, a process which may contribute to the enrichment of these lipids in the late Golgi network and the plasma membrane (PM; Brugger et al., 2000) . In addition, many classes of lipids are transferred between organelles by nonvesicular pathways. In most cases, the molecular mechanisms and regulation of these pathways have not been characterized.
It has been known for some time that sterols, such as cholesterol in mammals and ergosterol in yeast, can move between cellular compartments via nonvesicular pathways whose functions are poorly understood. Treating mammalian cells with brefeldin A, which inhibits protein secretion by disassembling the Golgi complex (Misumi et al., 1986; Doms et al., 1989; Lippincott-Schwartz et al., 1989) , only slightly slows the delivery of newly synthesized cholesterol from the ER to the PM (Kaplan and Simoni, 1985; Urbani and Simoni, 1990; Heino et al., 2000) . Similar results were obtained in yeast using sec mutants with conditional defects in the proteins required for vesicular traffi cking (Baumann et al., 2005; Schnabl et al., 2005) . We have found that the movement of exogenous sterols from the PM to the ER sterol in yeast is also not blocked in sec mutants (Li and Prinz, 2004) . Nonvesicular transport pathways move sterols between other cellular compartments as well (Liscum and Munn, 1999; Maxfi eld and Wustner, 2002; Prinz, 2002; Soccio and Breslow, 2004; Holthuis and Levine, 2005) . The proteins required for these nonvesicular transport pathways have not been identifi ed. In mammals, nonvesicular cholesterol transport could be facilitated by lipid transfer proteins known to bind sterols, including some StART domain-containing proteins or SCP2 homologues (Holthuis and Levine, 2005) . However, the yeast Saccharomyces cerevisiae lacks homologues of these proteins. We wondered if another class of lipid-binding proteins, the oxysterol-binding protein (OSBP)-related proteins (ORPs), might facilitate nonvesicular sterol transport in yeast.
OSBP, which is the founding member of the ORP family, was identifi ed as a cytosolic receptor for oxysterols (Kandutsch and Shown, 1981) . In mammals, these compounds down-regulate Nonvesicular sterol movement from plasma membrane to ER requires oxysterol-binding protein-related proteins and phosphoinositides S terols are moved between cellular membranes by nonvesicular pathways whose functions are poorly understood. In yeast, one such pathway transfers sterols from the plasma membrane (PM) to the endoplasmic reticulum (ER). We show that this transport requires oxysterol-binding protein (OSBP)-related proteins (ORPs), which are a large family of conserved lipid-binding proteins. We demonstrate that a representative member of this family, Osh4p/Kes1p, specifi cally facilitates the nonvesicular transfer of cholesterol and ergosterol between membranes in vitro. In addition, Osh4p transfers sterols more rapidly between membranes containing phosphoinositides (PIPs), suggesting that PIPs regulate sterol transport by ORPs. We confi rmed this by showing that PM to ER sterol transport slows dramatically in mutants with conditional defects in PIP biosynthesis. Our fi ndings argue that ORPs move sterols among cellular compartments and that sterol transport and intracellular distribution are regulated by PIPs. 14 C-cholesterol or 14 C-ergosterol was added to medium. To ensure that the strains took up similar amounts of 14 C-cholesterol, the OSH + strain (A and D) was given 1.0 μM 14 C-cholesterol and the osh∆ strains (B,C,E,F) were given 4.0 μM 14 C-cholesterol. All three strains were given 14 C-ergosterol at 2.5 μM. At the indicated times, cells were harvested, lipids were extracted, and the amount of free and esterifi ed radiolabeled sterol in the cells was quantitated. (J) ACAT activity of the OSH + and osh∆ strains. Cells were grown at 25°C and shifted to 37°C for 1 h, and the ACAT activity of protein extracts from each strain was determined. (K) To estimate the amount of endogenous sterol in the ER, lysates from the OSH + and osh∆ cells were reacted to completion with 14 C-oleoyl CoA. The amount of sterol in the ER was calculated from the amount of 14 C-steryl ester formed. (L) To determine if 14 C-cholesterol esters are hydrolyzed after they are formed, osh∆ osh4-1 and OSH + cells were grown at 23°C, shifted to 37°C for 30 min, and 2.0 μM 14 C-cholesterol was added to the medium. After 30 min, the 250-μM unlabeled cholesterol cholesterol biosynthesis and uptake and have been implicated in several other cellular processes (Schroepfer, 2000) . Oxysterols may also modulate sterol biosynthesis in S. cerevisiae (Gardner et al., 2001) . The cloning of OBSP (Dawson et al., 1989) was followed by the identifi cation of a large family of ORPs, including 16 in humans and 7 in S. cerevisiae (Olkkonen and Levine, 2004) . All of these proteins contain an OSBPrelated domain, which binds oxysterols and other lipids. Most also contain one or more other domains, including pleckstrin homologue (PH) domains (which bind phosphoinositides [PIPs]), the ER-targeting motif FFAT, ankyrin repeats, and transmembrane domains; these domains serve to localize these proteins to various cellular compartments Munro, 1998, 2001; Loewen et al., 2003; Olkkonen and Levine, 2004) . In addition, the localization of ORPs is not static; OBSP alters its intracellular location in response to oxysterols (Ridgway et al., 1992) . Some ORPs may function as lipid sensors that integrate lipid metabolism with other cellular processes. It has recently been shown that OSBP acts as a sensor that regulates two phosphatases in a cholesterol-dependent manner (Wang et al., 2005a) . In addition, two yeast ORPs (Osh6p and Osh7p) interact with Vps4p, which is a member of the AAA ATPase family, and could regulate its function in response to cellular sterol levels (Wang et al., 2005b) . It has also been suggested that ORPs are lipid transfer proteins (Beh et al., 2001; Levine and Munro, 2001; Olkkonen, 2004) . We have recently solved the structure of the yeast ORP Osh4p/Kes1p and found that it looks remarkably like other lipid transfer proteins; it binds a single sterol molecule in a hydrophobic binding pocket covered by a "lid" domain (Im et al., 2005) . A role for some yeast ORPs (called Osh proteins) in sterol transport is also supported by studies on mutants missing one or more of these proteins; intracellular sterol distribution is severely altered in mutants missing all of these proteins (Beh et al., 2001; Beh and Rine, 2004) . We investigated the role of these proteins in the nonvesicular transport of exogenous sterols from the PM to the ER in yeast.
Results

Osh proteins are needed for rapid PM to ER sterol transport
We measured the rate of PM to ER sterol transport in mutants lacking Osh proteins. These studies exploited the ER localization of the enzymes (known as acyl-coenzyme A:cholesterol acyltransferases [ACATs] ) that convert free sterols to steryl esters (Zweytick et al., 2000) ; the esterifi cation of exogenous radiolabeled sterol indicates that the sterol has been moved to the ER. Because S. cerevisiae does not take up exogenous sterol during aerobic growth, we use strains that have an altered allele of a transcription factor (upc2-1) that permits aerobic sterol uptake (Crowley et al., 1998) . These strains take up and use several sterols, including cholesterol and ergosterol. Both of these sterols support the growth of yeast mutants that cannot make sterols. Because the Osh proteins likely have overlapping functions (Beh et al., 2001) , we fi rst measured PM to ER sterol transport in a mutant lacking all of these proteins. Yeast requires any one of the seven Osh proteins for viability (Beh et al., 2001) . Therefore, we used a strain (osh∆ osh4-1) that has a temperature-sensitive allele of one of the OSH genes (osh4-1) and deletions of the other six OSH genes (Beh and Rine, 2004) . At permissive temperatures, this strain esterifi es exogenous cholesterol at less than half the rate of a strain that has all the Osh proteins (OSH + ; Fig. 1, A and B) .
At a nonpermissive temperature the osh∆ osh4-1 strain esterifi es exogenous cholesterol more than seven times more slowly than the OSH + strain, despite the fact that the two strains take up similar amounts of free cholesterol (Fig. 1, D and E) . We also examined the esterifi cation rate of exogenous ergosterol, which we previously showed is transported to the ER much more slowly than exogenous cholesterol (Li and Prinz, 2004 (Table I) .
It should be noted that we have previously shown that the fraction of exogenous sterol that becomes esterifi ed over time is not affected by the total amount taken up; therefore, comparisons between strains that take up slightly different amounts of sterol are valid (Li and Prinz, 2004) . The small amount of exogenous cholesterol that becomes esterifi ed in osh∆ osh4-1 at elevated temperature suggests that other pathways may also move cholesterol to the ER ineffi ciently. Interestingly, we also noted that OSH + cells take up and esterify cholesterol more slowly at low temperatures (compare Fig. 1 Collectively, these fi ndings show that effi cient esterification of exogenous sterols requires Osh4p and likely other Osh proteins, particularly at elevated temperatures.
To estimate the contribution of Osh proteins other than Osh4p, we performed the same experiment with a strain (osh∆ OSH4) that is the same as osh∆ osh4-1, except that it has a wild-type OSH4 allele. This strain does not have a conditional growth defect. At low temperatures, osh∆ OSH4 esterifi es exogenous cholesterol at a rate similar to osh∆ osh4-1 (Fig. 1 C) . At 37°C, esterifi cation is slightly faster than the osh∆ osh4-1 strain, but still signifi cantly slower than a strain that has all the Osh proteins (Fig. 1 F) . The osh∆ OSH4 cells also esterify exogenous ergosterol signifi cantly more slowly than OSH + cells. (Fig. 1 I) . Therefore, Osh proteins other than Osh4p are required for most of the esterifi cation of exogenous sterol, though Osh4p makes some contribution.
The slow esterifi cation of exogenous sterols in the osh∆ strains suggests that Osh4p and other Osh proteins are required for the effi cient transfer of exogenous cholesterol from the PM to the ER. We performed several control experiments was added to the medium and cells grown for an additional 40 min. The amount of 14 C-cholesteryl esters per OD 600 of cells before (pulse) and after addition of unlabeled cholesterol (chase) was determined. In all graphs, values are the mean of two determinations. Error bars indicate the SEM. n = 2.
to rule out other explanations of the slow esterifi cation. First, we found that this difference is not explained by low ACAT activity in the osh∆ cells (Fig. 1 J) . Though these strains have about half the ACAT activity of the OSH + cells, this difference is not enough to explain the dramatically slower esterifi cation of exogenous cholesterol by osh∆ cells. This difference might also be explained if there were substantially more endogenous sterol in the ER of osh∆ strains than in OSH + cells, which is a possibility because intracellular sterol distribution is altered in osh∆ cells (Beh and Rine, 2004) . To rule this out, we measured the amount of sterol in the ER of the OSH + and osh∆ strains using the method of Lange and Steck, which makes use of the fact that ACAT only has access to sterols in the ER (Lange and Steck, 1997) . Whole-cell lysates are reacted to completion with an excess of 14 C-oleoyl-CoA; the amount of 14 C-steryl oleate formed indicates the quantity of sterol in the ER. Using this method, we found no signifi cant difference in the ER-sterol levels of osh∆ and OSH + cells (Fig. 1 K) . Thus, the slow esterifi cation of exogenous cholesterol by osh∆ cells is not caused by elevated amounts of endogenous sterol in the ER. Finally, our fi ndings would be explained if cholesteryl ester was more rapidly hydrolyzed in the osh∆ mutants than in the OSH + cells. To address this possibility, we performed pulse-chase experiments. The osh∆ osh4-1 and OSH + strains were grown at a nonpermissive temperature for 30 min with radiolabeled cholesterol and then chased with a large excess of unlabeled cholesterol for 40 min. If steryl esters were rapidly hydrolyzed in the osh∆ osh4-1 strain then the amount of radiolabeled cholesteryl ester should have decreased after the chase. However, this was not the case ( Fig. 1 L) , indicating that cholesteryl ester is not rapidly hydrolyzed in the osh∆ osh4-1 cells.
Collectively, these fi ndings strongly argue that osh∆ cells esterify exogenous sterols substantially slower than OSH + cells because they have impaired sterol transport to the ER. Because numerous mutations that severely inhibit vesicular transport do not block the movement of exogenous cholesterol to the ER (Li and Prinz, 2004) , we conclude that the Osh proteins perform overlapping functions necessary for nonvesicular transport of exogenous cholesterol to the ER.
Role of individual Osh proteins in PM to ER sterol transfer
Our fi ndings suggest that, in addition to Osh4p, other Osh proteins are required for the effi cient transfer of exogenous cholesterol from the PM to the ER. To estimate the role of these proteins, we determined the rate at which exogenous cholesterol is esterifi ed in mutants missing each of the Osh proteins individually (Fig. 2) . The relative rate of esterifi cation slowed somewhat in cells missing either Osh3p or Osh5p (Fig. 2 , D and F), but was not signifi cantly altered in mutants lacking the other Osh proteins. These defects were additive, i.e., a mutant lacking both Osh3p and Osh5p esterifi ed cholesterol more slowly than cells missing just one of these proteins (Fig. 2 I) . These fi ndings suggest that Osh3p and Osh5p, in addition to Osh4p, may move sterols from the PM to the ER. However, because cells missing both Osh3p and Osh5p still transfer exogenous cholesterol from the PM to the ER more rapidly than osh∆ OSH4 cells (compare Fig. 1 F and Fig. 2 I ) , other Osh proteins may also facilitate PM to ER sterol transfer.
Osh4p transports sterols in vitro
Because the Osh proteins are needed for PM to ER sterol transport in vivo, we wanted to determine if one of the Osh proteins could extract sterols from donor membranes and transfer them to acceptor membranes in vitro. Osh4p was chosen because it is one of the best characterized of the Osh proteins and because it binds to phosphatidylinositol(4,5) bisphosphate (PI(4,5)P 2 ; Li et al., 2002) , which is a lipid enriched in the PM. Consistent with a role for Osh4p in sterol transport, purifi ed Osh4p-extracted cholesterol from liposomes ( Fig. 3 A) .
We also examined its ability to extract other lipids and found it could also extract PI(4,5)P 2 (1-arachidonyl-2-steroyl-PI(4,5)P 2 ), though approximately fi ve times less effi ciently than cholesterol (Fig. 3 B) . Osh4p could not extract any of the other lipids we tested, including the following: dipalmitoyl phosphatiylcholine (PC), phosphatidylserine (PS), a ceramide (oleoyl phytosphingosine), dioleoyl glycerol (DAG), and triolein (TAG; unpublished data). Thus, Osh4p extracts cholesterol, but not most other lipids, from membranes, suggesting Osh4p directly moves sterols. We next determined the ability of Osh4p to transfer sterols between membranes. Purifi ed Osh4p moved cholesterol between liposomes in vitro in a time- (Fig. 3 C) and concentrationdependent (Fig. 3 D) manner. It also transported ergosterol, which is the primary sterol in yeast (Fig. 3 E) . Thus, Osh4p can function as a sterol transport protein for both cholesterol and ergosterol. Osh4p transferred most other lipids poorly, though it could mediate some transfer of PI(4,5)P 2 and PS (Fig. 3 E) . Consistent with a role for Osh4p in sterol transport, it moved even less of most other lipids from liposomes containing 10% cholesterol than from those that lacked cholesterol (Fig. 3 E) . In contrast, as discussed in the section Sterol transport by Osh4p is regulated by PIPs, liposomes including 10% PS in donor membranes stimulated cholesterol transfer by Osh4p (Fig. 5 C) . We conclude that Osh4p likely preferentially transports sterols between membranes, but can also move PI(4,5)P 2 and PS.
Lipid transport by Osh4p mutants
If sterol transfer is one of the functions of Osh4p, then mutations in Osh4p that render it nonfunctional by complementation analysis might disrupt the ability of the protein to transport sterols. We studied proteins with mutations in the following three regions of Osh4p: the binding tunnel (Y97F and L111D), the deletion of the conserved 29-amino acid lid domain (∆29) that covers the binding tunnel, and the conserved charged residues near the mouth of the cholesterol-binding tunnel might be needed for interaction of Osh4p with bilayers (K109A, K168A, K336A, HH143, and 144AA; Fig. 4 A) . [ 
With the exception of K168A, all of these mutations render Osh4p nonfunctional by complementation analysis (Im et al., 2005) . All but one of the mutations decreases the ability of Osh4p to transport cholesterol (Fig. 4 B) and substantially reduce its ability to extract cholesterol (Fig. 4 C) . Therefore, we conclude that lipid transfer is likely one of the physiological functions of Osh4p.
We found that PI(4,5)P 2 stimulates sterol transfer by Osh4p. Because cholesterol transport was still stimulated by this PIP in all of the Osh4p mutants (Fig. 4 B , compare red and blue bars), none of the residues we altered is required for the PIP stimulation of sterol transport by Osh4p.
Because Osh4p can also transfer some PI(4,5)P 2 and PS between membranes, we wondered if Osh4p mutants that were unable to transfer cholesterol effi ciently also transferred these lipids poorly. PI(4,5)P 2 and PS transport were not affected by Y97F, but were reduced by L111D (Fig. 4 D) . Because Y97 interacts with the hydroxyl group of sterols (Im et al., 2005) , it is perhaps not surprising that altering this residue does not affect the ability of Osh4p to move other lipids. We speculate that the acyl moieties of PI(4,5)P 2 and PS bind in place of sterol in the hydrophobic tunnel and that the charged headgroups of these lipids are accommodated by an open conformation of the lid (Im et al., 2005) .
Sterol transport by Osh4p is regulated by PIPs
Because Osh4p has been shown to bind PIPs (Li et al., 2002) , we wondered if they might regulate sterol transfer by Osh4p. It has previously been shown that the PIP-binding domain of a ceramide transfer protein is needed for it to function in vivo (Hanada et al., 2003) . To determine if PIPs affect sterol transport by Osh4p in vitro, donor and acceptor liposomes were prepared either with or without 0.5 mol% PI(4,5)P 2 because Osh4p binds this PIP (Li et al., 2002) . We found that PI(4,5)P 2 stimulates cholesterol transport by Osh4p when it is on either donor or acceptor vesicles (Fig. 5 A) . [ I D ] F I G 5 [ / I D ] These effects were additive because transfer was fastest when both donor and acceptor vesicles contained PI(4,5)P 2 . To further characterize the affect of PI(4,5)P 2 on Osh4p, we measured the rate of cholesterol extraction from liposomes by Osh4p and found it was stimulated ‫-01ف‬fold when the liposomes contained 0.5 mol% PI(4,5)P 2 (Fig. 5 B) .
We determined the ability of other lipids to stimulate sterol transfer by Osh4p (Fig. 5 C) . No enhancement of transport was found when the donor membrane contained 0.5 mol% of other acidic phospholipids such as phosphatidic acid or PS, suggesting that the enhancement of transport with PI(4,5)P 2 is specifi c for this PIP. A smaller enhancement of transport was also found when donor membranes contained 10 mol% PS. The stimulatory affects of 10 mol% PS and 0.5 mol% PI(4,5)P 2 were additive. In addition, we found that only PI(4,5)P 2 , and, to a lesser extent PI(3,4,5)P 3 , were able to increase the rate of cholesterol transport by Osh4p (Fig. 5 D) . It should be noted, however, that S. cerevisiae lacks detectable levels of PI(3,4,5)P 3 . Therefore, we conclude that PI(4,5)P 2 is the primary PIP species able to stimulate sterol transport by Osh4p in cells. Sterol transfer is also slightly stimulated by PS. Because PI(4,5)P 2 is enriched in the PM and is also found in other compartments including Golgi membranes, it likely stimulates sterol transfer at these compartments.
PI(4,5)P 2 may stimulate sterol transfer by Osh4p by increasing the affi nity of Osh4p for PI(4,5)P 2 -containing membranes, probably by binding to PI(4,5)P 2 headgroups on the bilayer surface. Although low levels of PI(4,5)P 2 stimulate transport, we wondered if high levels of PI(4,5)P 2 might inhibit transfer by effectively trapping Osh4p on membranes. Consistent with this, we found that, with a 1:1 ratio of donor to acceptor vesicles, increasing the amount of PI(4,5)P 2 in donor vesicles by 10-fold slowed transport (Fig. 5 A; 5.0% PIP2 in donor). Fig. 3 C, except that they contained PI(4,5)P 2 (as indicated). They were mixed at a molar ratio of 1:1, together with 40 pmol of Osh4p. The amount of 14 C-cholesterol transferred to acceptor membranes was determined as described. Because the amount of 14 C-cholesterol transferred in the absence of Osh4p was similar in all cases only one is shown. (B) The amount of 14 C-cholesterol extracted from liposomes either with or without 0.5% PI(4,5)P 2 by 200 pmol Osh4p was determined as in Fig. 3 A. The half-time (t 1/2 ) and standard error of cholesterol extr action was calculated by nonlinear regression analysis. (C) Donor membranes were prepared containing DOPC/egg PE/lactosyl-PE/ 14 C-cholesterol (60:20:10:10 mol%) with either no addition (−) or the indicated amount of either PI(4,5)P 2 , egg phosphatidic acid, or brain PS. Acceptor membranes were prepared as in Fig. 3 C or with 0.5% PI(4,5)P 2 or 10% brain PS. Donor and acceptor membranes were mixed at molar ratio of 1:10 and incubated at 30°C for 1 h together with 40 pmol of Osh4p. The amount of transfer in control reactions lacking protein was subtracted to give the total amount of cholesterol transferred. (D) Donor membranes were prepared as in Fig. 3 C with either no addition (−) or 0.5% of either PI, PI(3)P, PI(4)P, PI(3,4)P 2 , PI(3,5)P 2 , PI(4,5)P 2 , or PI(3,4,5)P 3 . Cholesterol transfer to acceptor membranes was determined as in A. In all graphs, values are the mean of three determinations. Error bars indicate the SEM. n = 3.
In addition, even low levels of PI(4,5)P 2 in acceptor vesicles can inhibit transfer when the ratio of donor to acceptor vesicles is 1:10 (Fig. 5 C, column 3) . Collectively, these results suggest that PI(4,5)P 2 modulates sterol transfer by Osh4p, likely by affecting its affi nity for membranes.
PM to ER sterol transfer slows in PIP biosynthesis mutants
Our fi ndings suggest that PIPs regulate sterol transport by Osh4p and possibly other Osh proteins, some of which also bind PIPs (Levine and Munro, 2001; Roy and Levine, 2004; Wang et al., 2005b) . To confi rm the requirement of PIPs for effi cient PM to ER sterol transport in cells, we used mutants with conditional defects in PI(4)P and PI(4,5)P 2 synthesis. Stt4p and Pik1p are essential PI-4 kinases in yeast. Mutants with conditional defects in these proteins have reduced levels of PI(4)P and PI(4,5)P 2 at elevated temperature (Audhya et al., 2000) . These mutants transport exogenous cholesterol to the ER signifi cantly more slowly than an isogenic STT4 + PIK1 +
strain (Fig. 6, A-C). [ I D ] F I G 6 [ / I D ]
The differences in the total amount of sterol taken up by the strains does not affect the analysis because we have previously shown that the fraction of exogenous sterol that becomes esterifi ed over time is not affected by the total amount taken up (Li and Prinz, 2004) . To look more directly at the requirement of PI(4,5)P 2 , we used a mss4-2ts strain, which has a conditional defect in PI(4)P 5 kinase. At elevated temperature, mss4 mutants have reduced levels of PI(4,5)P 2 , but normal amounts of other PIPs (Desrivieres et al., 1998; Audhya and Emr, 2003) . We found that cells depleted of PI(4,5)P 2 had defects in sterol transfer to the ER (Fig. 6 D) , suggesting that this PIP is particularly important for rapid sterol transport. We ruled out that these differences are caused by differences in ACAT levels in these strains (Fig. 6 E) . Therefore, normal levels of PI(4)P and PI(4,5)P 2 are required for effi cient transfer of exogenous cholesterol to the ER. PIP depletion likely disrupts nonvesicular PM to ER sterol transport because mutations that dramatically slow vesicular traffi cking do not affect the movement of exogenous sterols to the ER (Li and Prinz, 2004 Because Osh4p can transfer PS between liposomes in vitro, we wondered if some of the Osh proteins might transport PS in cells. PS is synthesized in the ER from cytidine diphosphatediacylglycerol and serine and can subsequently be converted to PE by Psd (Daum et al., 1998) . Yeast has two Psds, one in the Golgi complex (Psd2p) and the other in mitochondria (Psd1p; Kuchler et al., 1986; Trotter and Voelker, 1995) . Because these enzymes are not in the ER, the conversion of PS to PE requires the transfer of PS to the Golgi complex or mitochondria. Nonvesicular transport pathways mediate this transfer (Voelker, 2005) . The PE generated by the Psds can be returned to the ER and converted to PC. Though some of the components of this pathway have been identifi ed (Voelker, 2005) , the lipid transfer proteins that move PS have not been determined. If the Osh proteins were required for nonvesicular PS transfer in vivo, then the conversion of newly synthesized PS to PE might be expected to slow in cells lacking Osh proteins. When wild-type cells were labeled with 3 H-serine for 30 min, ‫%05ف‬ of the PS synthesized was converted into PE and PC (Fig. 7 A) . [ I D ] F I G 7 [ / I D ] To confi rm that the radiolabeled PE and PC were generated from 3 H-PS, we found that a strain missing the two Psds (psd1∆ psd2∆) makes small amounts of radiolabeled PE or PC (Fig. 7 B) . The conversion of PS to PE and PC was not blocked in the osh∆ strains (Fig. 7, C and D) . It is not clear why these strains convert a greater proportion of newly synthesized PS to PE and PC than a wild-type strain, but lipid metabolism may be altered in these strains. The fi nding that the conversion of PS to PE is not blocked in osh∆ strains suggests that Osh proteins may not be needed for the nonvesicular transfer of PS to the Psds. However, because Psd2p is located in the Golgi complex, newly synthesized PS might still reach Psd2p by vesicular transport. To address this possibility, we introduced a temperature-sensitive sec18-1 allele into the osh∆ osh4-1 strain. Sec18p is the yeast homologue of N-ethylmaleimidesensitive factor and is essential for most vesicular traffi cking (Wilson et al., 1989; Graham and Emr, 1991) . The osh∆ osh4-1/ sec18-1 cells were still able to convert newly synthesized PS to PE and PC after half an hour at a nonpermissive temperature (Fig. 7 E) , which are conditions that result in a severe block in vesicular transport (Graham and Emr, 1991) . It is also possible that Osh proteins might be needed to move PS to only one of the Psds. Because several Osh proteins have been localized to the Golgi complex, but none to the mitochondria, we thought it more likely that they would transfer PS to Psd2p than Psd1p. To investigate this possibility, we determined the rate of conversion of PS to PE and PC in cells missing Psd1p. Cells lacking Psd1p still convert PS to PE and PC, though slightly less effi ciently than a wild-type strain (Fig. 7 F) . To determine if the Osh proteins are needed to transport PS to Psd2p in conditions that block vesicular transport, we constructed an osh∆ osh4-1/sec18-1 psd1∆ strain. At nonpermissive temperatures, this strain is still able to convert PS to PE and PC (Fig. 7 G) . Collectively, these results suggest that the Osh proteins are not required for the nonvesicular transfer of PS in the ER to Psds in the Golgi complex or mitochondria.
Discussion
The transport of exogenous sterols from the PM to the ER in yeast is not blocked in numerous mutants that have severe defects in vesicular traffi cking (Li and Prinz, 2004) . We demonstrate that this transport slows signifi cantly in cells lacking Osh proteins. Consistent with a direct role for these proteins in sterol transport, we fi nd that a representative member of this family, Osh4p, transfers sterols between liposomes in vitro. This is the fi rst demonstration that ORPs are lipid transfer proteins. We propose that nonvesicular transport of endogenous sterols is one of the functions of the ORPs in yeast, and probably in higher eukaryotes as well.
It seems likely that some Osh proteins have other functions. They may transport other classes of lipids in addition to sterols. We found that Osh4p also transfers PI(4,5)P 2 and PS between liposomes, though less effi ciently than cholesterol and ergosterol. However, Osh proteins may not transport signi fi cant amounts of PS in vivo because they are not required for nonvesicular PS transport to mitochondria or the Golgi complex. It is also likely that some of the Osh proteins function as lipid sensors that regulate other proteins, a function that has recently been demonstrated for OSBP in mammals (Wang et al., 2005a) . PM to ER sterol transport is likely mediated by several Osh proteins because it is unaffected or only moderately slower in cells missing any one of them. Our fi ndings suggest that, in addition to Osh4p, Osh3p and Osh5p may also transfer sterols from the PM to ER in vivo. A role for Osh3p and Osh5p in PM to ER sterol transport is consistent with their largely cytoplasmic localization and the fi nding that the Osh3p PH domain (without the OSBP-related domain) localizes to the PM (Levine and Munro, 2001; Habeler et al., 2002) . Because cells missing Osh3p and Osh5p still move exogenous sterols to the ER more rapidly than osh∆ cells, other Osh proteins, including Osh4p, probably also transfer PM sterols to the ER in vivo.
We have previously shown that effi cient PM to ER transfer requires either of two ATP-binding cassette transporters in the PM (Li and Prinz, 2004) . These transporters are also needed for effi cient uptake of exogenous sterols by yeast (Wilcox et al., 2002) . How the ATP-binding cassette transporters affect the rate of PM to ER sterol transport is not known. They might directly facilitate the movement of sterols out of the PM, perhaps to Osh proteins. Alternatively, they might affect the composition or distribution of lipids in the PM in such a way that Osh proteins can more easily extract sterols and move them to internal compartments.
Why yeast has such a large number of Osh proteins remains an open question. Several Osh proteins localize to various compartments throughout the cell (Levine and Munro, 2001; Li et al., 2002; Olkkonen and Levine, 2004; Wang et al., 2005c) . Therefore, some Osh proteins may transport sterols or other lipids primarily to or from specifi c organelles. Genetic analysis has revealed that all seven Osh proteins have a single overlapping essential function and suggests that loss of the Osh proteins causes a defect in the recycling of ergosterol back to the PM (Beh et al., 2001; Beh and Rine, 2004) . Thus, while individual Osh proteins may move lipids primarily to or from particular organelles, they may all have the ability to transfer sterols from endosomes back to the PM. Alternatively, the Osh proteins could have a shared essential function as lipid sensors.
Osh4p is partially localized to the Golgi complex and has been genetically implicated in Golgi function (Fang et al., 1996; Li et al., 2002) . Sec14p is an essential PI-PC transfer protein that is required for proper Golgi function. However, cells lacking Osh4p do not require Sec14p for viability. It has been proposed that Sec14p acts as a lipid-sensor that regulates a functionally important pool of DAG in the Golgi complex by modulating enzymes that consume or generate DAG (Kearns et al., 1998; Routt and Bankaitis, 2004) . What role Osh4p plays in this process is not clear. Like Sec14p, it could act as a lipid sensor at the Golgi complex. Alternatively, Osh4p could affect the ura3-52, his3-∆200, leu2-3, -112 trp1-∆901, suc2-∆9, lys2- lipid composition and function of the Golgi by moving sterols, PIPs, or some other lipid to or from this organelle. We have also found that PIPs stimulate sterol transfer by Osh4p. PIP stimulation is probably a wide-spread property of ORPs. Indeed, we fi nd that PIP-depleted cells have defects in PM to ER sterol transport. Some large mammalian and yeast ORPs interact with PIPs via PH domains (Levine and Munro, 2001; Holthuis and Levine, 2005) . The fact that Osh4p and some other Osh proteins lack these domains (Im et al., 2005) but bind PIPs (Li et al., 2002; Wang et al., 2005b) suggests that PIPs may interact with ORPs via multiple mechanisms. Osh4p likely binds to PIP headgroups using some part of its external surface. Because altering the conserved charged residues near the mouth of the sterol-binding tunnel did not affect the ability of PI(4,5)P 2 to stimulate transport, these residues are probably not required for PIP binding. Bankaitis and coworkers showed that an Osh4p with mutations in three basic residues fails to bind PI(4,5)P 2 (Li et al., 2002) . When we altered these residues, the resulting protein was largely insoluble (unpublished data) and we were not able to obtain enough protein to assess sterol transport by this mutant.
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Our fi ndings suggest that PIPs stimulate sterol transport by Osh4p, and likely other ORPs, by increasing the affi nity of Osh4p for PIP-containing membranes. Because high levels of PIPs can also inhibit sterol transfer by Osh4p, changes in PIP levels, perhaps in response to cell-signaling events, could regulate sterol transfer by ORPs. In addition, because different PIP species are enriched in various cellular compartments, PIP stimulation of ORPs likely serves to regulate the movement and distribution of sterols (and possibly other lipids) among cellular compartments by ORPs. The identifi cation of ORPs as PIPregulated nonvesicular lipid transfer proteins in yeast provides a good model system to help us begin to understand the role of these proteins in maintaining intracellular lipid distribution.
Materials and methods
Strains and materials
The strains used in this study are listed in Table II . ] To allow these strains to take up exogenous cholesterol during aerobic growth, their UPC2 alleles were replaced with upc2-1 by homologous recombination, as follows. A 757-bp fragment of the upc2-1 allele (from nucleotide 1985 to the end of the gene) was cloned into YIPlac211 (Gietz and Sugino, 1988) . The resulting plasmid was used as a template for a PCR reaction with primers UPC2-A2 and UPC-C (Table III) . [ 
The product of this reaction was used to transform cells, and the transformants were selected on medium that lacked uracil. The presence of the upc2-1 allele was confi rmed, as previously described (Wilcox et al., 2002) . To introduce sec18-1 into cells, a 901-bp fragment of sec18-1 containing the mutation in this allele was cloned into YIPlac211. The resulting plasmid was used as template for a PCR reaction with the primers SEC18-C and SEC18-B1 (Table III) . The product of this reaction was used to transform cells, and the transformants were selected on medium that lacked uracil. To delete PSD1 in cells, a PCR reaction using primers PSD1::URA-f and PSD1::URA-r (Table III) using the plasmid pRS416 (Sikorski and Hieter, 1989 ) as a template. The resulting product was used to transform cells, and the transformants were selected on medium that lacked uracil. Replacement of PSD1 with psd1∆::URA3 was confi rmed by PCR. Before replacing PSD1 with psd1∆::URA3 in WPY817, this strain was plated on medium containing 5-fl uoroortic acid (Sikorski and Boeke, 1991) to select cells unable to grow without uracil.
Lipids were purchased from Avanti Polar Lipids, Inc. Radiolabeled lipids were purchased from American Radiolabeled Chemicals, Inc., except for 3 H-ergosterol, which was isolated as previously described (Li and Prinz, 2004) , and 3 H-PS, which was made as follows: yeast cells were labeled with 3 H-acetic acid, and phospholipids were extracted and separated as previously described (Wang et al., 2003) using an Agilent 1100 series HPLC. The peak containing 3 H-PS (detected at 203 nm) was identifi ed by comparison to known standards and collected. The species of purchased radiolabeled lipids used were as follows: 1-arachidonyl-2-steroyl-PI(4,5)P 2 ; PC; oleoyl phytosphingosine; dioleoyl glycerol; and triolein. Purifi ed Osh4p was obtained as previously described (Im et al., 2005) .
Cholesterol uptake and esterifi cation
The uptake and esterifi cation of 14 C-cholesterol was determined as previously described (Li and Prinz, 2004) . In brief, 14 C-cholesterol in Tween80/ ethanol (1:1) was added at the indicated concentration to the medium of growing cells so that the fi nal Tween80 concentration was 0.5%. For pulse-chase experiments, cells were grown and 23°C, shifted to 37°C for 30 min, and 2.0 μM 14 C-cholesterol added to the medium. After 30 min, 250 μM of unlabeled cholesterol was added to the medium and cells were grown for an additional 40 min. Samples were removed at the indicated times and lipids were extracted and analyzed as previously described (Li and Prinz, 2004) .
ACAT activity measurements ACAT activity of the strains was measured as previously described (Li and Prinz, 2004) .
Determination of ER sterol concentration
The relative amount of sterol in the ER was determined basically as previously described (Lange and Steck, 1997) . Cells from rapidly growing cultures were pelleted, washed once with ice-cold H 2 O, resuspended in 20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM DTT, and lysed by homogenization with glass beads in a Bead-Beater 8 (BioSpec Products, Inc.). The lysate was centrifuged for 5 min at 500 g to remove debris and unlysed cells. For the assay, 200 μg lysate was mixed with 25 μM 14 C-oleoyl-CoA in a total volume of 100 μL of 20 mM Tris, pH 7.5, and 100 mM NaCl. The reaction was incubated at 37°C for 10 min and stopped by the addition of CHCl 3 and MeOH. Lipids were extracted and quantitated as previously described (Li and Prinz, 2004) .
Cholesterol extraction assay
Liposomes were prepared by mixing dioleoyl phosphatidyl choline (DOPC) and 14 C-cholesterol at a molar ratio of 99:1. The lipids were dried under a stream of nitrogen and resuspended in 20 mM Tris-HCl, pH 7.4, and 100 mM NaCl (TS) at a fi nal concentration of 1 mM. The membranes were allowed to swell at room temperature for at least 1 h and vigorously vortexed, and then liposomes with a mean diameter of 1 μm were made using a mini-extruder from Avanti Polar Lipids, Inc. For the extraction assay, purifi ed Osh4p was incubated with 50 μL of membranes at 30°C for the indicated times, after which the membranes were kept at 4°C and pelleted by centrifugation in a rotor (model TLA100; Beckman Coulter) at 70,000 rpm 000 g ) for 1 h. The amount of 14 C-cholesterol in the supernatant was determined by scintillation counting and was taken to be cholesterol that had been extracted from the liposomes. The amount of radiolabel in the supernatant in control reactions without Osh4p (usually ‫%2ف‬ of the total) was subtracted from the amount measured with Osh4p.
Lipid transport assay
Lipid transport was assayed as previously described (Hanada et al., 2003) , with the following modifi cations. Unless otherwise indicated, the lipid composition of the donor membranes was DOPC/egg PE/lactosyl-PE/ cholesterol/ PI(4,5)P 2 (59.5:20:10:10:0.5). Acceptor liposomes were prepared by mixing DOPC and egg PE at a ratio of 80:20, unless otherwise indicated. The lipids were dried under a stream of nitrogen, resuspended in 20 mM Hepes, pH 7.4, 100 mM NaCl, and 1 mM EDTA (HES) at either 1 or 10 mM (acceptor vesicles) and allowed to swell at room temperature for at least 1 h; they were then vigorously vortexed. Acceptor vesicles to be used for 1:10 donor to acceptor lipid transport assays were prepared by sonication with a Branson tip sonicator. Before use, the liposome solution was cleared by centrifugation at 15,000g at 4°C for 10 min. All donor vesicles and acceptor vesicles used in 1:1 donor to acceptor transport assays were prepared by extrusion using a fi lter with 0.2 μm pore size. All vesicles were used within 24 h of preparation. For the transport assay, 50 μL of donor membranes and acceptor membranes were mixed together with Osh4p in a total volume of 110 μL. After incubation at 30°C, 30 μg of ricinus communis agglutinin (Vector Laboratories) was added, and the reactions were placed on ice for 15 min, with occasional mixing. The donor membranes were then pelleted by centrifugation at 15,000 g for 5 min at 4°C. The amount of radiolabel in the supernatant was determined by scintillation counting and taken to be lipid that had been transferred to acceptor membranes. The amount of radiolabel in the supernatant in control reactions without Osh4p or with Osh4p and incubated on ice was subtracted from the amount measured with Osh4p.
Phospholipid labeling with
3 H-serine 30-ml cultures were grown in synthetic complete medium with 1 mM ethanolamine at 25°C. They were shifted to 37°C, grown for 25 min and then 1 mM S-adenosyl methionine, 2 mM methionine, and 10 μg/ml cerulenin (from a 5 mg/ml stock in DMSO) were added to the medium. Control experiments showed that these compounds were needed to prevent radiolabel from being incorporated into PE and PC in cells missing Psd1p and Psd2p. The cultures were grown for 5 min, 50 μCi 3 H-serine (American Radiolabeled Chemicals, Inc.) was added, and the cultures were grown for 30 min more. They were placed at 4°C and washed once with ice-cold H 2 O. Lipids were extracted (Li and Prinz, 2004 ) and phospholipids were separated as previously described (Wang et al., 2003) . The peaks containing PS, PE, and PC were collected and counted in a scintillation counter.
